Local cerebral blood flow was measured in five regions of rat cortex immediately following intrave nous administration of the ,),-aminobutyric acid (GABA) agonist muscimol. In contrast to recent observations, no increases in blood flow were found at either of the two time points analysed, and the data revealed that de creases in blood flow previously reported 30 min after muscimol treatment were in evidence as early as 30 s. These results are totally consistent with the conclusion Abbreviation used: GABA, -y-aminobutyric acid.
There is considerable evidence to suggest that the inhibitory neurotransmitter -y-aminobutyric acid (GABA) has the potential to elicit a direct vasodi latatory response from vessels in the cerebrovascu lar bed via pharmacologically specific receptors (for review see Kelly, 1984) . If transposed intact into the whole animal, the vasomotor response to GAB A receptor activation with pharmacological agonists that have been characterised so fully both in vitro (Kuriyama et aI., 1970; Fujiwara et aI., 1975; Edvinsson and Krause, 1979; Krause et aI., 1980a,b) and in situ (McCulloch et aI., 1981) would result in increases in cerebral blood flow through dilated resistance vessels. However, attempts to re veal a possible role for vascular GABA systems in influencing levels of cerebral blood flow in intact experimental animals have produced completely in compatible, diametrically opposite results. Initial investigations in anaesthetised rats reported that cortical blood flow was increased by as much as 90% following systemic injection of the GAB A re-that the overall effects of GABA agonists in the intact animal are to reduce blood flow in line with reduced met abolic demand in the neuropil. However, the heterogene ity of the reductions in cortical blood flow found here possibly suggests a biological role for vascular GABA systems in providing a mitigating influence on fluctuating tissue perfusion. Key Words: ,),-Aminobutyric acid vas cular receptors-Cortical blood flow-Iodoantipyrine.
ceptor agonist muscimol (Edvinsson et aI., 1980) , a result totally in keeping with the known vasodila tory action of the drug in vitro. In contrast, a later study in conscious rats that employed autoradio graphic techniques to measure both blood flow and metabolic demand showed that the metabolic de pression that follows systemic administration of muscimol was accompanied by a decrease in cere bral blood flow (Kelly and McCulloch, 1983) . Re cently this latter study has been criticised on the grounds that measurements of local cerebral blood flow taken 30 min after the injection of muscimol will be capable only of detecting indirect metabolic effects upon vessel calibre, being too late to detect direct vascular effects mediated by specifically vas cular GAB A receptors (Alborch et aI., 1984) .
If GABA agonists can indeed alter the coupling that exists between cerebral perfusion and meta bolic demand, even if only in the short term, then there may be the possibility that pharmacological manipulation of vascular GABA receptors may be of use in the management of cerebrovascular disor ders. The purpose of this present investigation was to reexamine cortical blood flow in the conscious rat immediately following intravenous injection of muscimol in an attempt to reveal any transient ef fects of the GABA agonist upon cerebrovascular GAB A receptors. Cortical areas were chosen from the different vascular territories where a heteroge neous distribution of vascular GABA receptors has recently been reported (Napoleone et aI., 1987) .
METHODS
Local cerebrocortical blood flow was measured in a total of 25 conscious, lightly restrained male Sprague Dawley rats weighing between 300 and 400 g. During a brief period of halothane anaesthesia, cannulae were in serted into both femoral arteries (to allow subsequent ar terial blood sampling and continuous blood pressure mon itoring) and both femoral veins (to allow injection of drugs and radiolabelled tracer). The experiments were initiated at least 4 h after the cessation of anaesthetic with a 30-s intravenous injection of either saline (0.5 m\) or muscimol (1.5 mg/kg in 0.5 ml saline). Local cerebrocortical blood flow was measured using [14C]iodoantipyrine (1.48 mBq/ml) (Sakurada et aI., 1978) infused mechanically in a total volume of 0.5 ml at a constantly increasing rate over 45 s.
In one group of animals (n = 6), the muscimol injection was followed immediately by the infusion of tracer. In a second group (n = 7), the tracer infusion was delayed by 30 s. Similar timings were adopted for two groups of con trol animals that had been injected with saline, with the blood flow measurements being initiated immediately (n = 6) or 30 s afterwards (n = 6).
During the 45-s infusion of tracer, blood samples were collected onto preweighed filter paper discs, which were reweighed prior to preparation for liquid scintillation analysis. At the end of the experiment, the animals were FRONTAL ANTERIOR VIEW
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�ANTERIOR CEREBRAL ARTERY �r�� MIDDLE CEREBRAL ARTERY DM POSTERIOR CEREBRAL ARTERY rapidly killed and the whole brain was dissected out and frozen to -50°C in isopentane. The frozen brains were mounted in a precooled fixed-angle cutting block orient ing the brain in accordance with stereotactic planes (Pax inos and Watson, 1982) and allowing thick coronal sec tions (5 mm) to be cut at predetermined levels. From these slices, wedges of cortical tissue (Fig. 1) were dis sected into glass vials that were quickly capped and weighed prior to the tissue being solubilised in prepara tion for liquid scintillation analysis. Samples of subcorti cal white matter were taken from each of the slices and pooled together for analysis.
Local cerebral blood flow was calculated for five re gions of neocortex measured bilaterally in each animal using the arterial tracer input function and the accumula tion of radiolabelled tracer in the brain tissue samples (Sakurada et aI., 1978) . The choice of cortical regions was such as to provide tissues from the different vascular ter ritories of the principal cerebral arteries that supply rat cortex (Yamori et aI., 1976) (Fig. 1 ).
Although arterial blood pressure was monitored throughout the experiments, blood gas measurements were taken on a single occasion only, as close to the start of the muscimol (or saline) injection as possible. It was not possible to collect a sample for gas analysis closer to the blood flow determination since this might have com promised the collection of arterial blood. To ensure that blood gas parameters were unaffected by the muscimol (or saline), a parallel group of animals were subjected to the same drug (n = 3) or saline (n = 3) treatment as before, but as well as measuring blood gases before the injection, they were measured again at the beginning and at the end of a 45-s infusion of saline, replacing the iso tope solution normally used in the experiments. Statistical comparisons of local cerebral blood flow within each cortical area were performed using an exten sion of the analysis of variance based upon the t distri bution to allow multiple comparisons to be made (Bruning and Klintz, 1977) . The comparisons of interest, deter mined a priori, were between saline treatment and each of the two time points after muscimol injection. The chosen statistical test is as conservative as, for example, Dun can's or Newman-Keuls' multiple range tests, thus avoid ing Type I errors. Acceptable levels of significance were set at p < 0.05.
RESULTS
Physiological parameters
No significant differences in physiological param eters were found between experimental and control groups used for blood flow measurements ( Table I) .
Although mean arterial blood pressure fell tran siently over the first few seconds of muscimol in jection, it had returned to normal preinjection levels by between 15 and 20 s prior to the actual period of blood flow measurement. In the parallel groups of animals used to assess the possible effects of mus cimol upon blood gases, no significant differences were found at either of the postdrug time points when compared either with saline-injected animals or with the animals' own predrug values.
Local cerebrocortical blood flow
Analysis revealed no significant difference in blood flow values between either of the two saline treated groups, which were therefore combined for analysis of the drug effect. In no area of cerebral cortex was blood flow found to increase at either of the time points measured (Table 2) . However, the cortical response to muscimol was far from homo geneous. Immediately following the muscimol in jection, no significant change in blood flow was measured in either occipital ( -4%) or occipitopari etal (-9%) cortex. However, while the decrease measured in parietal cortex ( -16%) did not reach statistical significance, in both cingulate and frontal cortex blood flow did decrease significantly by 21 and 27%, respectively. In those experiments in which there was 30-s delay between the end of the muscimol injection and the measurement of blood flow, all cortical areas exhibited significant de creases in local blood flow ranging from 25 to 39%, although the decreases were greatest in those areas where blood flow changes had already been mani fest at 30 s. No significant drug effect was measured in subcortical white matter.
DISCUSSION
There is considerable disagreement as to the na ture of the blood flow changes that might be ex pected in response to pharmacological manipulation of cerebral GABA systems (both vascular and neu ronal) in the intact animal (Edvinsson et al. , 1980; Kelly and McCulloch, 1983; Alborch et al. , 1984) . GAB A agonists such as muscimol can potentially exert an influence on local cerebral blood flow via two independent mechanisms: by a direct effect, mediated via specific vascular GABA receptors bringing about an increase in cerebral blood flow; or by an indirect effect, reducing neuronal metabolic demand and bringing about a decrease in cerebral blood flow. Only if GABA agonists were capable of uncoupling cerebral blood flow from metabolic de mand could the direct vascular effects become man ifest as an increase in flow. The relative importance of perivascular GABA systems versus metabolic factors as the primary influence upon cerebral blood flow has wider implications in the ongoing debate over the concept of cerebral blood flow cou pled to brain function (Lou et al., 1987) .
In the only study undertaken to date in which both regional blood flow and metabolic demand have been measured in parallel groups of animals using autoradiographic techniques (Kelly and Mc Culloch, 1983) , it has been clearly demonstrated Data are presented as means ± SO. MABP was measured continuously. The values reported here were derived from a period before the injection of either saline or muscimol and again after the end of the injection. that both blood flow and metabolism are decreased in parallel in response to intravenous muscimol, re taining the intrinsic coupling evident in control an imals. A subsequent study, however, found that both GABA itself and muscimol when injected into the carotid artery of unanaesthetised goats in creased hemispheric cerebral blood flow (Alborch et aI., 1984) . From these results it was suggested that the design of the previous autoradiographic in vestigation was such that it would be impossible to detect any immediate direct vascular effects that might be transient. Moreover, because these au thors injected GABA, which does not cross the blood-brain barrier (Waksman et aI. , 1968) directly into the cerebral circulation, they claimed to be able to avoid indirect metabolic effects. However, to ex plain these results, it is necessary to invoke the con cept of a novel endothelial GABA receptor, activa tion of which would result in the release of endo thelium-derived relaxing factor. No direct evidence for the existence of such a receptor was proferred, and indeed autoradiographic localisation of GABA receptors mitigates against an endothelial mecha nism (N apoleone et aI., 1987) .
Discrepancies in the reported effects upon cere bral blood flow of GABA receptor challenge may arise from a variety of sources: species differences, the route of administration, or the timing of the measurement relative to pharmacological chal lenge. While the possibility of species differences cannot be discounted as the source of these discrep ancies, it is interesting to note that in humans, using the same intracarotid route of administration as used in goats, the specific GABAA receptor agonist 4, 5,6,7 -tetra-hydroisoxazolo(5 ,4)-pyridin-3-01 pro duced an immediate decrease in cortical blood flow (Roland and Friberg, 1988) .
In general, the results of the present investigation in rat tend to confirm those from human studies, viz., that cerebral blood flow decreases immedi-ately in response to muscimol. In all of the five cortical regions measured, flow was reduced in the 45-s measurement period immediately following a 30-s muscimol injection, although in only two re gions (cingulate and frontal cortex) was the de crease statistically significant. However, after a fur ther 30 s all cortical areas showed quite pronounced and significant decreases of between 30 and 40%. Thus, on the basis of these results, it would appear that the decreases in cerebral blood flow previously observed 30 min after muscimol (Kelly and McCul loch, 1983 ) are manifest as early as 30 s after the start of injection. If a purely ' vasodilatory effect does occur, it can only be between 0 and 30 s, i.e., during the infusion of muscimol. A longer-lasting vasodilatory influence of muscimol cannot, how ever, be discounted. Previous studies have sug gested a slight resetting of the flow-metabolism re lationship following muscimol (Kelly and McCul loch, 1983) , although this shift was nowhere near statistically significant. Metabolic demand was not measured in this study because of the time constraints imposed by the experimental design, and it is therefore not pos sible to draw any definitive conclusion about the existence of a direct vascular effect of a systemic GABA agonist. However, there is no evidence to suggest that there is any positive correlation be tween the heterogeneous reductions in cortical blood flow and neuronal GABA receptors, or in deed any other marker for GABA function in cor tical neuropil (Tappaz et aI., 1976; Penney et aI., 1981; Nagai et aI., 1983) . In contrast, grouping of the cerebral blood flow data with respect to the vas cular territories of cerebral arteries supplying cor tex reveals that those areas supplied by the anterior cerebral artery are most susceptible to the effects of muscimol at the earlier time point, while areas sup plied by the posterior cerebral artery are least sus ceptible. Moreover, a clear negative correlation (Spearman's p = -1.0, P < 0.001 at 30 s) is evident between the rank-order intensity of the regional re sponse in this study and previously reported densi ties of vascular GABA receptors (N apo\eone et aI., 1987) , although this may be purely fortuitous and an interpretation of the data to suggest a causative link should be advanced only with extreme caution.
This study adds further weight to the conclusion that the overall effects of GABA agonists in the intact animal are to reduce blood flow in line with reduced metabolic demand in the neuropil. How ever, it is tempting to speculate on the basis of a growing number of observations that the physiolog ical role of cerebrovascular GABA systems may not be to induce vasodilatatory increases in cerebral blood flow, but rather to mitigate dramatic fluctua tions in perfusion.
